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This study was undertaken to determine whether d-glyceraldehyde 3-phos- 
phate dehydrogenase from bakers' yeast and rabbit skeletal  muscle  are im- 
munologically  similar.  Two  such  enzymes from widely separated  sources 
might still be expected to have similar surface configurations in the region of 
the catalytically active centers,  and this site might be involved in antibody 
formation.  Evidence that antibody formation may be directed  toward the 
active center of an enzyme was found by Kubowitz and Ott (1) and more re- 
cently by Zamecnik and Lipmann (2). 
Antiserum to the yeast enzyme has been obtained from rabbits (3) and, as 
reported in this paper, from chickens.  With one exception, the immune sera 
had no effect on the activity of the muscle enzyme in a test system in which 
the yeast enzyme was almost completely inhibited.  The present report is a 
more detailed account of these investigations and an extension of the study to 
include experiments on the mechanism of inhibition of the yeast enzyme.  Di- 
phosphopyridine nucleotide (DPN) was found to protect this enzyme partially 
from antibody.  It can be seen that in the reaction catalyzed by the dehydro- 
genase, 
+ 
3-phosphoglyceraldchyde +  PO, +  DPN ~  1,3-diphosphoglycerie acid +  DPNH, 
DPN is one of the reactants which combines reversibly with the active center 
of the enzyme. 
EXPERIMENTAL 
Emyme Preparations.--(a) Yeast  1  d~glyceraldehyde  3-phosphate  dehydrogenase  was 
prepared by the method of Warburg and Christian  (4)  with some modification.  With the 
yeast used, the yield of dry acetone powder obtained from the Lebed~v-Saft  (yeast juice) was 
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only about one-half that reported.  The nucleic acid-protein precipitate  obtained  between 
pH 5.0 and 4.5 was used instead of the fraction from 4.75  to 4.5.  (This modification was 
found  advisable also  by Meyerhof  and  Junowicz-Kocholaty, using American  yeast  (5).) 
Saimine was used instead of sturine for the removal of nucleic acids, but was not added  in 
amounts sufficient to remove the last traces of material absorbing at 260 m#.  The AI(OH), 
adsorption step was omitted, as this procedure was not found to increase the purity of the 
enzyme.  The final protein solution was not concentrated by evaporation before the crystal- 
llzation step.  Solid ammonium sulfate is simply added  to  the  2  to  3  per  cent  protein 
solution at 25 ° until a  f/Lint turbidity develops.  The suspension  becomes crystailine after 
several days' storage at 0 °.  Crystallization is more rapid and complete if the  pH of the 
suspension is raised to 8 with dilute  NI-~OH solution.  If  microscopic observation  shows 
a background of amorphous protein, warming the crystal suspension to 35  ° and slowly cooling 
it removes the non-crystalfine material.  Recrystallizations are readily carried  out by dis- 
solving the centrifuged  crystals in water  to  give a  2  to  3  per cent protein solution and 
adding ammonium sulfate to incipient turbidity. 
As reported by Warburg and Christian, it was found that the highly purified solution oh- 
mined immediately preceding the crystallization step had almost the same specific activity 
as the crystalline enzyme.  Electrophoretic studies have shown, however, that several protein 
components are present.  Crystallization results in the separation of a single component, but 
this is not reflected by any increase in activity (6).  In most instances the nearly electro- 
phoretically homogeneous crystals were used, but some of the animals received injections of 
the enzyme solution immediately before crystailization. 
The crystalline enzyme prepared with the above modifications was found to have a somewhat 
different absorption curve in the ultraviolet than that reported (4).  This is due to the pres- 
ence of DPN (6) apparently bound in a similar manner to that found in rabbit muscle d-glycer- 
aidehyde  3-phosphate  dehydrogenase  (7).  A  second  difference  noted  with  this  enzyme 
preparation is the necessity of having cysteine present to obtain maximum activity. 
(b)  Crystalline rabbit muscle d-giycemldehyde 3-phosphate dehydrogenase was prepared 
by the method of Cori et aJ. (8). 
(c)  Crystalline yeast hexokinase was prepared by the method of Berger et aJ. (9) from the 
same strain of yeast from which the dehydrogenase was isolated. 
Immunization  Proeedure.--Four medium sized rabbits were given a series of five subcutane- 
ous injections of 8 mg. of yeast d-glyceraidehyde 3-phosphate dehydrogenase at 3 day intervals. 
The crystalline enzyme, stored as a suspension of crystals in alkaline ammonium sulfate solu- 
tion, was dissolved in water and injected  immediately.  Sera were  obtained 2  weeks after 
the last injections.  Stronger anfiscra were obtained after a second series of injections 2 months 
later.  Two rabbits received as many as four series of injections. 
Four young chickens (6-month-old pullets) were given a similar series of injections of the 
same enzyme intravenously.  Following the third or fourth injection ail the chickens showed 
signs suggesting anaphylaxis (blanching of the comb and staggering).  One died immediately 
following the third injection.  Sera were again obtained 2 weeks after the last injection. 
De~ction of Antibody.--Anfibody  levels of the sera were measured  (1)  by the precipitin 
reaction, using the conventionai ring test with serial dilution of a  1.5 per cent solution of 
crystalline enzyme in saline, and (2) by the inhibition of activity of a given amount of yeast 
d-glyceraldehyde 3-phosphate dehydrogenase. 
Enzyme activity was determined by following the reduction of DPN spectrophotometricaJly 
at 360 mg (4).  Crystalline yeast enzyme was dissolved in 0.006 x¢ cysteine-0.03 M sodium 
pyrophosphate,  pH 8.5,  and  diluted in the same buffer.  Protein determinations on these 
solutions were made by the biuret method of Robinson and Hogden (10).  0.1 ml. of enzyme 
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cell)  cons/stlng  of 2.5 ml. of the cystelne-pyrophosphate buffer and 0.2 ml. of DPN  (final 
concentration -  1.27  X  I0  -z moles per ml.)  at 25  °.  In this  mixture at this dilution  the 
enzyme is stable  for at least  30 minutes.  The reaction  was started  by the addition of 0.2 
ml. of  a fresh  1:1 mixture  of  5.3  per  cent sodium arsenate  and triose  phosphate  s (final  concen- 
tration  ~  1.27  X  I0  -~ moles per  nil.). Bimolecular rate  constants were calculated  from the 
equation: 
t a(a-x) 
where a is the initial concentration of triose phosphate and DPN, and x is the amount of 
reduced DPN formed in time t (minutes).  K was found to decrease with time, but the K 
values based on I minute readings were proportional to enzyme  concentration. 
In testing for inhibition of the enzyme  by antiserum, up to 0.3 ml. of serum could be sub- 
stituted for part of the cysteine-pyrophosphate  buffer  in the reaction mixture without produc- 
ing a pH change that in itself would affect enzyme activity.  Unless otherwise  indicated 
antiserum was added to the reaction mixture containing buffer, enzyme, and DPN and given 
10 minutes' incubation at 25  ° before starting the reaction.  The per cent inhibition of enzyme 
activity was calculated from the 1 minute K values determined from rates with and without 
serum in the reaction mixture. 
Inhibition of Yeast d-Glyceraldekyde  3-Phospkate  Dekydrogenase  by A ntiserum. 
--When rabbit  antiserum  was tested  in  the  system described,  it was found 
that the antigen-antibody combination, as measured by the extent of inhibition, 
was complete within the 10 minute period allowed.  The turbidity developing 
in the cell due to antibody-enzyme floceulation also reached a maximum during 
this period.  The absorption at 340 m# due to the presence of a  precipitate 
was small and was corrected for in the initial reading. 
With  increasing  amounts  of antiserum  the  degree  of inhibition  increased 
almost linearly up to about 80 per cent as shown in curve B of Fig. 1.  Beyond 
this the curve levels off never reaching complete inhibition. 
The percentage inhibition of 15 gamma of crystalline enzyme given by 0.05 
ml. of antiserum was used  as a  measure of antibody titre.  With nearly all 
antisera tcsted the" inhibition produced by this  amount of serum fell on the 
linear part of the curve.  There was a  fair correlation between the precipitin 
titre and the degree of inhibition by the antisera (Table I). 
The residual activity with antibody excess as shown in curve B, Fig. 1, sug- 
gested  that  the  insoluble  enzyme-antibody complex  itself  retained  activity 
amounting to about 10 per cent of the original enzyme activity.  This was con- 
firmed by finding that removal of the precipitate by centrffugation left a super- 
natant fluid with no enzyme activity, while the washed precipitate showed an 
activity only slightly lower than the residual  activity seen in curve B.  Re- 
suspended precipitate settled rapidly and somewhat higher rates were obtained 
when the reaction mixture was stirred between readings. 
We are indebted to Dr. H. O. L. Fischer, Dr. E. Baer, and Dr. H. A. Lardy for a sample 
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FIG. 1.  Effect of increasing amounts of rabbit and chicken anfisera on the activity of 15 
gamma of yeast d-glyceraldehyde 3-phosphate dehydrogenase.  Curve A shows the slight 
degree of inhibition  caused by normal rabbit serum.  The inhibition  by normal chicken serum 
is of the same order.  Curve B shows the effect of rabbit immune serum with a predpitin 
titre of 1 : 10,000.  Curve C is with chicken immune serum of the same precipitin tttre. 
TABLE  I 
Inhibition of Yeast Enzyme by Antiserum 
The degree of inhibition of 15 gamma of yeast d-glyceraldehyde 3-phosphate  dehydro- 
genase by 0.05 ml. of different rabbit antisera is compared to the precipitin fitre of the sera. 
Serum  Inhibition  Precipltln tltre, highest antigen 
dilution 
A (5)* 
B (S) 
C (10) 
D (2O) 
~er cent 
20 
25 
32 
79 
1:100 
1:1,000 
1:1,000 
1:10,000 
* The numbers in parentheses indicate the number of injections of antigen given to each 
rabbit. 
Constant degrees of inhibition  of the yeast enzyme by chicken antisera were 
obtained when enzyme, DPN, and antiserum were incubated before buffer was 
added to the reaction mixture.  Under these conditions, in which the amount 
of serum dilution is small, the reaction of enzyme and antibody is rapid, and EDWIN  G. KEEBS  AND  VICTOR  A. NAJJAR  573 
the  extent of inhibition and precipitation is maximal within a  few minutes. 
Curve C of Fig. 1 shows the effect of increasing amounts of chicken antiserum 
on the yeast enzyme. 
Relationship  between Enzyme-Antibody Combination,  D P N , and Sub  str  ate.-- 
An excess of rabbit antiserum (2 times the amount necessary to give maximal 
inhibition of the enzyme) was incubated with the yeast  enzyme in cysteine- 
pvrophosphate buffer.  The residual activity of this  incubation mixture was 
determined at three concentrations of DPN and triose phosphate, 1.25,  2.54, 
and 5.08 X  10  --7 moles per ml. for each component.  In each case the activity 
found was 5 per cent of the activity of enzyme alone determined at these con- 
centrations.  The activity measured in these experiments was that of the en- 
come-antibody precipitate, which gave no evidence of dissociation at increasing 
zyncentrations of DPN and triose phosphate. 
DPN was found to have an effect on the degree of inhibition of the enzyme 
by antiserum, if it was present during the combination of enzyme and anti- 
body.  This  was  most  easily seen with  small  amounts  of antiserum.  In a 
typical experiment 0.05 ml. of rabbit antiserum was added to a reaction mix- 
ture  already  containing  DPN,  enzyme,  and  cysteine-pyrophosphate buffer. 
The activity determined after 5 minutes' incubation by addition of arsenate- 
triose phosphate showed 31 per cent inhibition of the enzyme.  Longer incu- 
bation did not increase the extent of inhibition.  When DPN was absent during 
the preliminary incubation of antiserum and enzyme, 54 per cent inhibition of 
activity was found.  The yeast enzyme itself was stable without DPN.  Pre- 
cipitates obtained with antibody excess showed somewhat higher activities when 
enzyme and antibody combined in the presence of DPN.  Chicken antisera 
behaved similarly to the rabbit antisera in respect to DPN.  As far as could 
be  determined,  triose  phosphate  had  no  influence  on  enzyme-antibody 
combination. 
Rate of Combination  of Emyme with Antibody.--The  combination of anti- 
body and enzyme was studied by addition of antiserum  to enzyme, while the- 
enzyme was acting on its substrates.  High  concentrations  of triose  phos 
phate and DPN were used,  and under these  conditions the rate was nearly 
linear after the first half-minute as shown in curve A of Fig. 2.  Rabbit anti- 
serum was added to identical reaction mixtures at the 3rd minute and the rate 
followed until it again became line,r, indicating completion of enzyme-antibody 
combination.  In curve B  the amount of antiserum added was  slightly less 
than that necessary to inhibit the enzyme maximally.  Curves C and D  were 
with 3 and 6 times the amount added in (B), respectively.  Tangents to the 
curves have been drawn to show the points at which the slopes are approxi- 
mately half the difference between the control rate (A) and the residual rate 
shown in  (D).  These points indicate the time at which the enzyme is half 
maximally inhibited and presumably half combined with antibody.  In  (B) 574  DF.HYDROGENASE ANTISERUM 
this point is 2 minutes after addition of antiserum, in (C) about 1 minute~  and 
in (D) less than 1/~ minute. 
In other experiments enzyme and antibody were allowed to react for varying 
times in the absence of either DPN, triose phosphate, or both.  The reaction 
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I~G. 2. The addition of rabbit antiserum to the en~me, while it is actihg on its substrate. 
Curve A shows the rate of the uninhibited reaction with 1 gamma of the yeast dehydrogenase 
per ml., when the initial DPN and triose phosphate concentration  are I X 10  -6 moles per ml. 
for each component.  Curves  B, C, and D show the effect of three amounts of antiserum (S) 
added at the 3rd minute (arrow) to identical reaction mixtures.  All reactions are started 
with the addition of the trlose phosphate.  For further description see text. 
was started by the addition of the missing component or both components si- 
multaneously.  The rate became linear in every case after the same total time 
intervals of antigen-antibody combination as in the experiments in which anti- 
serum was added during the reaction. 
Specificity.--Rabbit  antisera to the yeast ~glyceraldehyde 3-phosphate de- 
hydrogenase were tested for possible inhibitory effect on hexokinase  isolated 
from the same strain of bakers' yeast.  No inhibition was noted, antisera and 
normal rabbit serum both having a  slight activating effect presumably due to 
protective protein action on the hexokinase  (9).  These results  are in agree- 
ment with the findings of TenBroeck (12)  and McCarty (13),  who found no 
evidence of a serological relationship between different enzymes from the same 
organ of the same species. EDWIN  G.  KREBS  AND  VICTOR  A.  NAJJAR  575 
Four rabbit and two  chicken antisera to the yeast enzyme were tested for 
cross-reaction with  the  analogous  enzyme  from  rabbit  muscle.  Muscle  d- 
glyceraldehyde 3-phosphate dehydrogenase was substituted for the yeast eno 
zyme in the test system previously described.  When the enzyme was incubated 
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FIG. 3.  The effect of one atypical rabbit antiserum to the yeast enzyme on the activity 
of the muscle dehydrogenase.  10 gamma of the crystalline muscle enzyme was used in each 
ease.  Curve A  shows the stability of the enzyme when  incubated in buffer  with DPN. 
Curve B shows the slow downward  drift of the enzyme under the same conditions without 
DPN.  Curves C and D show the effect of 0.1 ml. of the antiserum on enzyme activity during 
incubation with and without DPN, respectively.  The final concentrations of DPN and triose 
phosphate were 1.27 X  10  -7 moles per ml. for each component. 
with antiserum in the presence of DPN,  only the same slight degree of inhi- 
bition as  that  given by normal  sera was  noted.  When  the  incubation  was 
carried out in the absence of DPN, lower activities were found, but with only 
one antiserum was the effect definitely greater than that seen with enzyme alone 
or with enzyme and normal serum.  (This enzyme is less stable than the yeast 
enzyme in the absence of DPN). 
The one antiserum found to inactivate the muscle dehydrogenase was from 
one  of  two  rabbits  that  had  received four  courses of injection of  the  yeast 
enzyme.  With this particular serum the effect on the muscle enzyme is shown 
in curve D  of Fig. 3.  Curve C  shows  the  protective action of DPN  on  the 
enzyme incubated with the same serum.  Curves A  and B  show  the relative 
stability of the enzyme incubated in buffer alone with and without DPN.  With 576  DEHYDROGENASE ANTISERD"~ 
eight normal rabbit sera tested and the other immune sera, the enzyme showed 
the same degree of stability without DPN as in curve B. 
When a  sample of this serum was completely absorbed with the yeast en- 
zyme (homologous antigen)  until no further precipitation occurred, followed 
by removal of the precipitate by centrifugation, it showed no decrease in its 
inhibitory action on the muscle enzyme.  This result and the failure to detect 
any inhibition by other antisera make it doubtful that the inactivation of the 
muscle enzyme by this antiserum should be called an immune reaction. 
DISCUSSION 
Some enzymes have been found to be 70 to 95 per cent active when com- 
bined with  specific antibody, even when precipitation of the enzyme occurs 
(14-17).  Other enzymes (1, 2, 13, 18) have been shown to be strongly inhib- 
ited  by their  immune  sera.  In  the  latter group with  two of the enzymes 
studied, there is evidence that one point of antigen-antibody combination may 
be at the active center of the enzyme.  Yeast ~-glyceraldehyde 3-phosphate 
dehydrogenase is 90 to 95 per cent inhibited by antiserum, and in this case the 
combining site of the coenzyme, DPN, appears to be involved. 
The effect of DPN on the inhibition of the yeast dehydrogenase is different 
from the retarding effect of lecithin on the lecithinase-antilecithinase reaction 
studied by Zamecnik and Lipmann (2).  DPN appears not to slow the reaction 
of antigen and antibody, but its presence results either in less antibody com- 
bining with the enzyme or in the formation of a  precipitate having a  higher 
activity. 
SUMMARY 
Antibodies to yeast d-glyceraldehyde 3-phosphate dehydrogenase have been 
produced in rabbits and chickens.  The antiserum from either animal inhibits 
the activity of the yeast enzyme with the formation of a precipitate that has 
a  low residual activity.  One combining site of antibody on the enzyme ap- 
pears to be the point of DPN attachment. 
The rate of antigen-antibody formation has been studied with varying con- 
centrations of antibody. 
The activity of yeast hexokinase is not inhibited by the antiserum to the 
dehydrogenase. 
Five of six antisera to the yeast enzyme showed no inhibition of the analogous 
enzyme from rabbit muscle, but one serum strongly inhibited the muscle de- 
hydrogenase in the absence of DPN.  No evidence was obtained  that  the in- 
hibition by this one antiserum was due to an immune reaction, because the 
inhibition persisted after absorption with the homologous antigen. 
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